Recent research links diet-induced obesity (DIO) with impaired immunity, although the underlying mechanisms remain unclear. We find that the induction of inducible NO synthase (iNOS) and cytokines is suppressed in mice with DIO and in bone marrow macrophages (BMM⌽) from mice with DIO exposed to an oral pathogen, Porphyromonas gingivalis. BMM⌽ from lean mice pretreated with free fatty acids (FFAs) and exposed to P. gingivalis also exhibit a diminished induction of iNOS and cytokines. BMM⌽ from lean and obese mice exposed to P. gingivalis and analyzed by a phosphorylation protein array show a reduction of Akt only in BMM⌽ from mice with DIO. This reduction is responsible for diminished NF-B activation and diminished induction of iNOS and cytokines. We next observed that Toll-like receptor 2 (TLR2) is suppressed in BMM⌽ from DIO mice whereas carboxy-terminal modulator protein (CTMP), a known suppressor of Akt phosphorylation, is elevated. This elevation stems from defective TLR2 signaling. In BMM⌽ from lean mice, both FFAs and TNF-␣-via separate pathways-induce an increase in CMTP. However, in BMM⌽ from DIO mice, TLR2 can no longer inhibit the TNF-␣-induced increase in CTMP caused by P. gingivalis challenge. This defect can then be restored by transfecting WT TLR2 into BMM⌽ from DIO mice. Thus, feeding mice a high-fat diet over time elevates the CTMP intracellular pool, initially via FFAs activating TLR2 and later when the defective TLR2 is unable to inhibit TNF-␣-induced CTMP. These findings unveil a link between obesity and innate immunity.
O besity has been found to lead to diminished immune response. Several epidemiological studies of obese individuals found evidence of increased susceptibility to infections, including postoperative infectious complications (1) , and a positive correlation between body weight index and the incidence of nosocomial infections (2) . Diet-induced obesity (DIO) interferes with the ability of the immune system to appropriately respond to Porphyromonas gingivalis infection (3) and causes a higher mortality rate in mice following infection with influenza virus (4) .
Obesity is known to elevate TNF-␣ levels in the plasma of obese subjects (5, 6) . However, macrophage functions are impaired in obese animals, with reduced phagocytic capacity and a defective oxidative burst (7, 8) . The reduced cytokine expression in response to infection observed in obese mice has been linked to a dysfunction in macrophages and/or a defect in maturation of monocytes (3, 4, 9) . Moreover, the ability of mature macrophages from an obese individual to elicit an antimicrobial and cytotoxic response may be inhibited (10) . Macrophages sense the presence of microorganisms via pattern recognition receptors, especially members of the Tolllike receptor (TLR) family, and subsequently activate proinflammatory signal pathways. TLR2 is an important receptor by which macrophages recognize P. gingivalis (11) (12) (13) (14) , and mediates destructive chronic inflammatory reactions or confers host protection against P. gingivalis in acute infections (12) . In addition, TLR2 can be activated by palmitate, a nutritional free fatty acid (FFA), leading to the induction of inflammation and insulin resistance (15) . Therefore, the decreased immune responses observed in obese individuals may be related to the disruption of TLR2 signaling pathway by elevated plasma FFAs or by a DIO-related state of chronic inflammation.
One of the fastest and most effective defense mechanisms for macrophage response to bacterial infections is the production of the free radical NO (16) (17) (18) , mediated by the regulated expression of inducible NO synthase (iNOS) (19) . This enzyme catalyzes the production of high levels of NO in a wide variety of cells, including macrophages, and is regulated primarily at the transcriptional level (20, 21) . Many signaling pathways and inducible transcription factors, including Akt, NF-B, JNK and p38 mitogen-activated protein kinase (p38), cAMP response element-binding protein (CREB), and CCAAT/enhancer-binding protein-␤, have been implicated in iNOS activation (22) (23) (24) (25) (26) . iNOS is important for host defense against P. gingivalis infection. When orally infected with P. gingivalis, iNOS-deficient mice exhibit more extensive soft tissue damage and alveolar bone loss (17, 18) and display an impaired ability to kill P. gingivalis (3, 16) . As this phenotype of iNOSdeficient mice after P. gingivalis infection is strikingly similar to the one we previously observed in DIO mice after P. gingivalis infection (3), we hypothesized that DIO impairs the innate immune response to bacterial infection via a mechanism that includes disrupting iNOS. In the present study we tested this hypothesis, and show that the changes observed in bone marrow macrophages (BMM⌽) from DIO mice can be reproduced in vitro after exposing FFAs to BMM⌽ from lean mice.
Results

DIO Blunts P. gingivalis-Induced iNOS Expression.
To determine whether impaired bacterial clearance in DIO mice (3) is associated with dysregulated NO production upon infection with P. gingivalis, we analyzed the expression of iNOS-in infected tissue from lean mice and from mice with DIO, using an in vivo murine calvarial model (27) . iNOS expression was dramatically attenuated in DIO mice at day 3 after infection in comparison with lean mice (Fig. 1A) . BMM⌽ from DIO mice exhibited severe impairment of iNOS induction at the protein level (Fig. 1B, i) and at the mRNA level (Fig. 1B, ii) after P. gingivalis infection compared with BMM⌽ from lean mice.
the reduced iNOS and cytokine induction observed in DIO mice after P. gingivalis infection was caused by the disruption of the TLR2 signaling pathway. We first investigated TLR2 expression in BMM⌽ from lean mice and from mice with DIO. As expected, TLR2 mRNA expression in BMM⌽ from lean mice was approximately threefold higher than that in BMM⌽ from mice with DIO (Fig. 2A) ; TLR4 showed a slight significance between these 2 types of cells whereas TLR6 and TLR7 did not exhibit any significant difference [supporting information (SI) Fig. S1 ].
After P. gingivalis induction, TLR2 was fourfold greater in lean BMM⌽ than in BMM⌽ with DIO ( Fig. 2B ), whereas only a moderate significance was observed for TLR4 and TLR7. TLR6 did not show any significant difference. Next we tested whether transfection with exogenous TLR2 could restore in DIO mouse BMM⌽ the induction of iNOS and TNF-␣. BMM⌽ from lean mice, mice with DIO, and TLR2-/-mice were transfected with full-length mouse TLR2 cDNA or empty vector, then infected with P. gingivalis for 4 h. The mRNA levels of iNOS (Fig. 2C) and TNF-␣ (Fig. 2D ) measured by real-time PCR were increased significantly in TLR2-transfected BMM⌽ from mice with DIO and from TLR2-/-mice, but the mRNA levels were unable to be restored as high as those seen in BMM⌽ from normal WT mice.
DIO Disrupts Akt Phosphorylation in BMM⌽ After P. gingivalis Infection. To determine the signaling pathway downstream of TLR2, we tested the effect of DIO on protein phosphorylation. BMM⌽ from mice with DIO and lean mice were challenged with P. gingivalis for 15 min, 4 h, or 24 h. A set of 21 phosphorylated
, and p-STAT3) and their corresponding total proteins were analyzed using Bio-Plex phosphorylation protein array. The phosphorylation of Akt at Ser-473 was found strongly reduced in BMM⌽ with DIO compared with their lean counterparts at 15 min and 4 h after infection with P. gingivalis (Fig. 3A) . The difference of Akt phosphorylation was further confirmed by Western blot using the same protein samples as for Bio-Plex phosphorylation protein array (Fig. 3B) . The phospho-proteins of p-JNK, p-p38MAPK, p-cJUN, p-CREB, p-p90RSK, and p-Erk were also diminished to a certain extent in BMM⌽ from obese mice upon P. gingivalis infection (Fig. S2 ), but showed no difference when they were detected by Western blot (Fig. 3B) . 
Disruption of Akt Phosphorylation Is Responsible for Attenuated iNOS
Induction and NF-B Activation After P. gingivalis Infection. To test the influence of the Akt on iNOS and cytokine induction by P. gingivalis, we investigated the iNOS and cytokine expression in BMM⌽ rendered Akt-deficient by siRNA approach. Akt silencing specifically inhibited Akt, whereas the non-target p42 MAPK remained unchanged (Fig. 4A ). As the result of a dramatic reduction of total Akt, much less phosphorylated Akt (Ser-473) was induced in Akt silenced cells after P. gingivalis infection compared with cells transfected with control siRNA (Fig. 4A ).
After Akt silencing, the induction of iNOS by P. gingivalis was greatly reduced at both the protein level ( Fig. 4A ) and the mRNA level ( Fig. 4B ) in mouse BMM⌽. The expression of both proinf lammatory cytokines (TNF-␣ and IL-1) and antiinflammatory cytokine (IL-10) after infection with P. gingivalis was also inhibited in BMM⌽ transfected with siRNA for Akt (Fig. 4B ). Because NF-B is critical for iNOS and cytokine expression, we tested the effect of Akt silencing on NF-B activation in HEK 293 cells, which do not produce mediators such as TNF-␣ and IL-10 capable of inducing a secondary NF-B response. The HEK293 cells were first transfected with Akt siRNA to silence Akt, then transiently transfected with NF-B luciferase reporter along with a human TLR2 expression vector (ligand for P. gingivalis) and followed by P. gingivalis infection. Transfection with siRNA significantly suppressed Akt expression in HEK293 cells and subsequently reduced the phospho-Akt level after P. gingivalis infection (Fig. 4C) . The gene silencing of Akt resulted in a dramatic reduction of NF-B activation after P. gingivalis infection (Fig. 4D ).
CTMP Inhibits Akt Phosphorylation After P. gingivalis Infection.
Knowing that Akt phosphorylation is negatively regulated by phosphatase and tensin homologue (PTEN) (28), protein phosphatase 2A (PP2A) (29) , and CTMP (30, 31), we investigated whether DIO-associated inhibition of Akt phosphorylation is caused by abnormal expression of any of these proteins. Only CTMP was found to be significantly higher in BMM⌽ from DIO mice than in BMM⌽ from their lean counterparts (Fig. 5A) , whereas PTEN and PP2A levels did not differ between BMM⌽ from lean and DIO mice. To determine whether the increased CTMP directly causes the inhibition of Akt phosphorylation, we established a CTMPoverexpressing THP-1 stable cell line. The exogenous HA-tagged CTMP was successfully expressed in stably transfected THP-1 cells (Fig. 5B) . The overexpression of CTMP significantly suppressed Akt phosphorylation in THP-1 cells, both at baseline level and 4 h or 24 h after infection with P. gingivalis (Fig. 5B) . In addition, after P. gingivalis infection, the induction of iNOS (Fig. 5C ), TNF-␣ (Fig.  5D) , and IL-10 ( Fig. 5E ) was significantly reduced in THP-1 cells stably transfected with CTMP compared with cells transfected with empty vector. An immunoprecipitation further demonstrated that Akt co-precipitated with CTMP (Fig. 5 F and G) .
FFAs Inhibit the Induction of iNOS, Suppress Akt Phosphorylation, and
Induce CTMP Expression. Given that FFAs are elevated in serum of obese individuals and play an important role in the pathogenesis of metabolic syndrome (32-34), we tested whether palmitate and oleate, 2 of the most abundant nutritional FFAs, were responsible for the attenuated P. gingivalis-induced iNOS or cytokine in mice with DIO. The induction of iNOS by P. gingivalis was much higher than that by FFAs (Fig. 6A) . However, when BMM⌽ were pretreated with FFAs for 24 h, the induction of iNOS after P. gingivalis infection was significantly attenuated at both the protein level (Fig. 6A ) and the mRNA level (Fig. 6B) . This inhibition was also observed for both proinflammatory (TNF-␣, IL-1␤) and anti-inflammatory cytokines (IL-10; Fig. 6B) .
Furthermore, pretreatment of BMM⌽ from lean mice with a mixture of oleate and palmitate led to significant suppression of Akt phosphorylation 15 min and 4 h after infection with P. gingivalis (Fig. 6C) .
To determine whether FFAs induces CTMP, we demonstrated that stimulation with FFAs dramatically elevated CTMP in BMM⌽ after 4 h and 24 h, and this increase in CTMP was associated with complete inhibition of Akt phosphorylation at 24 h (Fig. 6D) . In addition, stimulation with P. gingivalis alone decreased CTMP in BMM⌽, but the CTMP level was dramatically elevated in BMM⌽ pretreated with FFAs and infected with P. gingivalis compared with BMM⌽ pretreated with BSA (Fig. 6E) . Stimulation with either P. gingivalis or FFAs alone or in combination had little effect on PTEN and PP2A expression (Fig. 6E ).
TLR2 Regulates CTMP Expression. Because TLR2 is suppressed in mice with DIO, we tested whether the elevated CTMP in mice with DIO is related to the disruption of TLR2. In fact, CTMP levels in BMM⌽ from TLR2-/-mice with DIO were significantly higher than in BMM⌽ from WT mice with DIO (Fig. 7A) , suggesting that TLR2 negatively regulates CTMP expression in mice with DIO.
To further test whether TLR2 negatively regulates CTMP induction by FFAs, BMM⌽ from WT and TLR2-/-mice were treated with FFAs for 0, 4, and 24 h and CTMP in cell lysates were measured. To our surprise, CTMP induction by FFAs was significantly reduced at 4 h, but increased at 24 h in TLR2-/-BMM⌽ relative to WT BMM⌽ (Fig. 7B) , suggesting that TLR2 is critical for the induction of CTMP by FFAs and plays an important role in regulating the increased expression of CTMP in a secondary response.
As FFAs are able to induce more TNF-␣ in TLR2-/-BMM⌽ than in WT BMM⌽ (Fig. 7C) , we investigated whether the stronger secondary response of CTMP in TLR2-/-BMM⌽ is caused by TNF-␣ signaling. BMM⌽ were treated with TNF-␣ for 4 h to detect the early CTMP response. At the concentration of 1 ng/mL, TNF-␣ induced more CTMP in TLR2-/-BMM⌽ compared with WT BMM⌽; however, there was no significant difference of CTMP expression between these 2 types of cells when the concentration of TNF-␣ was increased to 10 or 50 ng/mL (Fig. 7D) . The induction of CTMP was much weaker in response to 50 ng/mL in both TLR2-/-and WT BMM⌽ because this high concentration of TNF-␣ induced cell apoptosis (Fig.  S3 ). These data indicate that TLR2 negatively regulates CTMP induction by the low concentration of TNF-␣.
To further investigate the combined role of TLR2 and FFAs in the regulation of Akt, CTMP, and iNOS in response to P. gingivalis infection, BMM⌽ from WT and TLR2-/-mice were pretreated with FFAs or BSA for 4 h and then infected with P. gingivalis or treated with FFAs overnight. When compared with BSA-pretreated cells, the pretreatment of WT BMM⌽ with FFAs was associated with significantly elevated CTMP, reduced Akt phosphorylation, and attenuated iNOS induction after P. gingivalis infection (Fig. 7E) . However, in TLR2-/-BMM⌽, the pretreatment with FFAs led to a significantly diminished p38 phosphorylation and elevated iNOS induction, yet had little effect on CTMP expression or Akt phosphorylation (Fig. 7E) .
Discussion
The present study extends our knowledge of the changes in signaling mechanisms that occur after feeding animals a high-fat diet that led to an impaired ability of their macrophages to respond effectively to bacteria and mount an adequate inflammatory response (3). Both DIO and FFAs attenuate iNOS and cytokine induction when mice or BMM⌽ are challenged with P. gingivalis. The impaired induction of iNOS and cytokines in mice with DIO may explain the compromised immunity observed in obese individuals (3, 4, 17) . In addition, both DIO and FFAs suppress proinflammatory cytokines TNF-␣ and IL-1␤ and the anti-inflammatory cytokine IL-10, indicating that DIO may directly reduce TNF-␣ and IL-1␤ expression, whereas the reduction of IL-10 may be only a reaction to the reduced proinflammatory process.
To investigate the mechanisms whereby DIO attenuates iNOS and cytokine induction, we demonstrated that the disruption of Akt phosphorylation by DIO or FFAs occurs and is responsible for the inhibition of iNOS and cytokine induction after P. gingivalis infection. The serine/threonine kinase Akt is a central node in cell signaling downstream of growth factors, cytokines, and other cellular stimuli. Akt activation is regulated by PI3K-dependent second messenger molecules (35) . In the obesity-induced insulin resistant condition, JNK and p70S6K are activated and phosphorylate insulin receptor substrate (IRS) proteins, which diminish the insulin-induced tyrosine phosphorylation of IRS proteins and thereby impair PI3-kinase/Akt activation (36) . However, the disruption of P. gingivalis-induced Akt phosphorylation is not caused by the diminished phosphorylation of the global network of IRS proteins, because activation of JNK and p70S6K are not affected in DIO BMM⌽ after P. gingivalis infection. Therefore, we explored the ability of DIO and FFAs to induce molecules such as CTMP, PP2A, and PTEN (28) (29) (30) (31) . We found that CTMP is elevated in BMM⌽ from mice with DIO, and directly inhibits Akt phosphorylation. In addition, FFAs, whose levels are elevated in serum from obese individuals (32, 34) , also induce CTMP in BMM⌽, leading to the suppression of P. gingivalis-induced Akt phosphorylation, and inhibit iNOS and cytokine induction. CTMP can bind specifically to the carboxyl-terminal regulatory domain of Akt at the plasma membrane, resulting in the inhibition of phosphorylation on serine 473 and threonine 308 (30) . It is possible that the elevated cellular pool of CTMP in BMM⌽ from obese mice and in FFA-treated cells physically interacts with Akt, thereby leading to the suppression of Akt phosphorylation after P. gingivalis infections.
After demonstrating that DIO and FFAs disrupt Akt phosphorylation and diminish host innate immune responses via inducing CTMP, we next sought to determine the signaling pathways by which DIO or FFAs induce CTMP in BMM⌽. TLRs have been reported to play important roles in both innate immunity and lipid-induced metabolic syndromes (15, 37, 38) . As an immune sensor for P. gingivalis (11) (12) (13) (14) 39) , TLR2 also recognizes lipids, and mediates the initial events of FFA-induced insulin resistance (15) . The fatty acid residue at the glycerol position in the triacylated lipoprotein from P. gingivalis has been identified as a determinant element that can be recognized by TLR2 (40) . In this regard, we tested whether TLR2 plays a role in the induction of CTMP in mice with DIO or in FFA-exposed BMM⌽. Whereas in lean mice TLR2 functions as a negative regulator of CTMP, to our surprise, in mice with DIO, TLR2 functioning is significantly impaired. Our evidence supports that the high level of CTMP in mice with DIO results from the TLR2 inability to respond to its ligands, as in lean BMM⌽ FFAs, induction of CTMP is dependent on TLR2, and in DIO BMM⌽, the transfection on WT TLR2 partially restores the malfunction. However, TLR2-/-BMM⌽ can express CTMP only after longer (24 h) exposure of FFAs. As FFAs can activate TLR4 to induce cytokines (38) , and as the induction of TNF-␣ by FFAs is stronger in TLR2-/-BMM⌽ than that in WT BMM⌽ (Fig. 6C) , we hypothesize that, with a dysfunctional TLR2 in DIO mice, FFAs activate TLR4 to induce TNF-␣, which in turn increases the expression of CTMP. To test this hypothesis, we investigated if TNF-␣ can induce CTMP. As expected, TNF-␣ has the ability to induce CTMP in BMM⌽, but importantly TLR2 limits the induction of CTMP by low concentration of TNF-␣ (1 ng/mL). These results can explain why DIO induces more CTMP in TLR2-/-BMM⌽ than in WT controls, although FFAs induction of CTMP is dependent on TLR2. We therefore conclude that FFAs induces CTMP via TLR2 during the early stage of DIO, but at a later stage, TLR2 is disrupted by chronic FFA stimulation, permitting CTMP to be significantly increased by TNF-␣ in DIO mice. The increase CTMP in DIO mice further leads to the inhibition of Akt activation and finally results in immune suppression.
In summary (Fig. S4) , DIO is able to elevate TNF-␣ induced CTMP by disrupting TLR2, whereas FFAs use TLR2 directly to induce CTMP in BMM⌽. The elevated pool of CTMP in BMM⌽ plays an important role in the suppression of Akt phosphorylation, which in turn leads to the inhibition of host innate immune responses, such as reduced induction of iNOS and cytokines. These data unveil a link between obesity and innate immune response with profound implications for the design of therapies aimed at reducing clinical sequelae of obesity.
Materials and Methods
Bacteria and Cell Lines. All bacterial cloning constructs used Escherichia coli strain DH5␣ (Invitrogen). P. gingivalis A7436 (American Type Culture Collection) was cultured anaerobically in Schaedler broth (Becton Dickinson) as described previously (14, 41) . THP-1 cells (American Type Culture Collection) were grown in RPMI 1640 supplemented with 10% FBS (Invitrogen). HEK 293 cells (Invivogen) and the RetroPack PT67 cells (Clontech) were cultured in DMEM supplemented with 10% FBS. All cell cultures were maintained in a 37°C humidified atmosphere containing 5% CO 2.
Animal Experiment. C57BL/6J and TLR2 knockout (TLR2-/-) mice were obtained from Jackson Laboratories and fed a high-fat diet for 16 weeks as described previously (3) . Mice infection with P. gingivalis was conducted by using mouse calvaria model (27) .
Macrophage Isolation and Treatment. BMM⌽ isolated from hind legs of mice were cultured according to a previous study (42) . FFAs (oleate and palmitate mixture; Sigma-Aldrich) were dissolved in 95% ethanol at 60°C and then mixed with pre-warmed BSA (10%) to yield a stock concentration of 8 mM. The endotoxin content of BSA-fatty acid conjugates was Յ0.04 ng/mL, measured with a chromogenic Limulus amebocyte lysate assay (Cambrex). Cells were treated with FFAs at a final concentration of 400 M. To infect the cells, P. gingivalis was added with multiplicities of infection of 10:1 as previously described (14) .
Plasmid Construction, DNA Transfection, and Luciferase Reporter Assay. Mouse TLR2 cDNA was generated by RT-PCR from mouse cDNA library and sub-cloned into plasmid pcDNA3.1 (Invitrogen). A human TLR2 cDNA construct was provided by X. Tang (Boston, MA). NF-B luciferase vectors (pNF-B-Luc) were purchased from Panomics. DNA transfection was conducted using Lipofectamine 2000 reagent (Invitrogen). Luciferase activity was measured using a dual-luciferase reporter assay kit (Promega).
Construction of Retroviral Vectors and Transduction of THP-1 Cells.
The human full-length cDNA of CTMP was obtained by RT-PCR using HA-tagged primers and inserted into the retroviral vector pMSCVneo (Clontech). The recombinant retroviral vector was transfected into the packaging cell line PT67 by Clonfectin transfection reagent (Clontech). After 48 h, stable PT67 cells were selected with 1 mg/mL neomycin. The supernatants of stable PT67 cells producing retroviruses were used to transduce THP-1 cells and the stably expressing HA-tagged CTMP THP-1 cells were selected with 1 mg/mL neomycin.
RNA Preparation and Quantitative
Real-Time PCR. Total RNA extraction, reverse transcription, and real-time PCR were conducted as described in our previous study (13) .
RNA Interference. Transfection of SignalSilence Akt siRNA (Cell Signaling) was performed using GeneSilencer siRNA transfection reagent (Gene Therapy Systems). siGuard RNase inhibitor (Gene Therapy Systems) was added to the culture just before transfection. siRNA transfection was repeated 24 h after the first transfection. The subsequent experiments were performed 48 h after the second transfection.
Bio-Plex Phosphoprotein Array. Cell lysates from BMM⌽ treated with or without P. gingivalis were analyzed using a Bio-Plex phosphoprotein reagent kit with coupled beads in the Bio-Plex 200 system (Bio-Rad) as described in the manufacturer's instruction manual.
ELISA. Concentrations of cytokines were determined by BD BiosciencesPharMingen ELISA kits for assay of human TNF-␣, human IL-10, mouse TNF-␣, and mouse IL-10.
Immunoprecipitation and Western Blot. CTMP was immunoprecipitated from THP-1 cell by using anti-HA or anti-CTMP antibodies. Western blot were performed using Abs against Akt, p-Akt (Ser-473), CTMP, PTEN, PP2A, pC-JUN, pCREB, pERK, pJNK, p-p38, pRSK1/2/3, p42 MAPK (all from Cell Signaling), iNOS, p-Akt1/2/3, ␤-actin, and HRP-conjugated IgG (all from Santa Cruz Biotechnology).
Statistical Analysis. Statistical analysis was performed with JMP statistical software (SAS Institute). Two-tailed Student t test was used to evaluate the significance of differences. P Յ 0.05 was regarded as statistically significant.
